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A27ril 24, 1884. 

THE PEESIDENT in the Chair. 

The Presents received were laid on the table, and thanks ordered 
for them. 

Professor Leopold Kronecker, Foreign Member, was admitted into 
the Societj. 

The following Papers were read : — 

I. ** On the Eelation between the Electrical Qualities and the 
Chemical Composition of Glass and Allied Substances." 
Part I. By TiiOMAS Gray, B.Sc, F.R.S.E., and Andrew 
Gray, M.A., F.R.S.E., Assistant to the Professor of Natural 
Philosophy in the University of Glasgow, and J. J. Dobbie, 
M.A., D.Sc. (Edin.), Assistant to the Professor of Chemistry 
in the University of Glasgow. Communicated by Pro- 
fessor Sir William Thomson, F.R.S. Received March 21), 
1884. 

The relation between the composition of glass and its electrical 
qualities has been studied by only a few experimenters, and our 
knowledge of the subject is still comparatively small. With regard 
to resistance to electrical conduction through its substance, Dr. 
llopkinson has found among other interesting results, that potash or 
soda-lime glasses have a higher conductivity than flint glasses either 
light or dense ; and his results as to electrical resistance confirm 
those given below.* 

That the presence of a large quantity of alkali in glass is 
detrimental to its resisting quality has also been pointed out by 
Ekman.f In two papers ('' Phil. Mag.,'' vol. 10, 1880, and " Proc. 
Koy. Soc.,'' vol. 34, p. 199), by one of the authors of the present 
paper, results are given of experiments on the variation of the 
resistance of glass of different kinds with temperature, and, more 
particularly in the second paper, with density and chemical composi- 
tion. 

It was inferred fi'om the results of the electrical measaremenis 

* « Phil. Trans.,'* vol. 167. 
t « Phil. Mag.," vol. 40, 1870. 
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described in the second paper referred to, and the chemical analyses 
of the specimens experimented on, that in the case of flint glass, the 
electrical resistance increased with the density, and on the other hand 
that for potash or soda-lime glass, the resistance increased as the 
glass seemed to approach in composition to a definite chemical 
compound. Density, chemical composition, and resistance appeared 
all to be so related to one another in the case of the flint glasses 
experimented on, that increase of density, as well as approach to 
definiteness of composition, gave increase of resistance. 

We offer the present paper as a contribution towards the further 
elucidation of this question. The experiments which are here 
described were carried out on glasses which differed considerably 
from those previously used. They were all flint glasses of consider- 
able density, and it will be seen that though they differ widely in 
specific resistance, not one can be called a bad glass for electrical 
purposes. No experiments were made on potash and soda-lime 
glasses, as these are generally low in resistance, and our first object 
was to obtain definite information regarding comparatively dense 
glasses which former experiments show to be relatively much better 
insulators. It is our intention, however, in a, continuation of the 
present research, to experiment both as to resistance and specific 
inductive capacity on lime glasses of varying composition. 



Fro. 1. 




The density of each specimen was carefully determined, and a 
complete chemical analysis made. The electrical experiments were 
made in the physical laboratory of the University of Glasgow, and 
the same general plan was followed as described in the paper 
mentioned above ("Proc. Roy. Soc.,*' vol. 34, p. 199). The 
arrangement of apparatus, with the exception of reversing key, &c., 
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is shown in the accompanying drawing, fig. 1, which is taken 
from the previous paper. The glass which in each case was in 
the form of a small globular flask of about 7 ccntims. diameter, 
and from 2 to 3 millims. thick, was filled up to nearly the 
bottom of the neck with mercury, and immersed to the same level in 
mercury contained in an outer vessel. This outer vessel was 
contained in a sand-bath, which could be heated by means of a 
Bunsen burner placed below. The flask had in each case a neck 
several inches long, and one extremity of a wire I was passed down 
the neck so as to dip into the mercury within, while the other was 
connected through a sensitive galvanometer with a battery of about 
one hundred DanielFs cells. The other terminal of the battery was 
connected with the mercury in the outer vessel. To enable the 
current to be readily reversed, which was done between every 
successive pair of readings, a reversing key (not shown in the 
drawing) of somewhat novel construction, and of high insulation, 
was placed in the galvanometer stand and interposed in the wires 
joining the battery with the apparatus. It consisted simply of four 
slender pillars of vulcanite attached to a base piece of the same 
material. The top of each pillar was thicker than the stem, and had 
a hollow scooped out of it to receive mercury. In one side of the cup 
thus made, a piece of copper wire was fixed so as to terminate at one 
end in the interior of the cup, and at the other to give a projecting 
piece to which the battery wire could be attached. The hollows 
were filled with mercury and cross-bridges of copper wire used to 
connect the cups directly or diagonally, so as to give a current in one 
direction or the other as required. 

The galvanometer used was the instrument described in the ** Proc. 
Boy. Soc.'* vol. 36, p. 287, to which we refer for a full descrip- 
tion, but the following b.rief account of the instrument may be 
conveniently given here. It consists of two pairs of coils with 
hollow cores arranged so that the axes of each pair are parallel and 
in a vertical plane. The coils act on a needle system of two horse- 
shoe magnets of thin steel wire connected by a very light frame of 
aluminium, and hung with their planes vertical, so that a horseshoe 
corresponds to each pair of coils, and has its poles within the hollow 
cores. Each pair of coils is in this instrument carried by a brass 
plate, and these plates are set so as to make an angle with one 
another of about 10G°. The needles are not plane, but curved round 
jso as each to lie nearly in a cylindrical surface, the axis of which is 
the suspension fibre, and which passes through the cores of the coils 
without touching the coils on either side. Thus the needles can 
move in the hollow cores through considerable displacements without 
danger of coming into contact with the coils, and the cores are made 
smaller than would be otherwise possible. The needles enter the 
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coils from tlie same side, and the current is usually sent tlirough tlie 
coils, so fchat one pair cause tlieir horseshoe to move outwards, and the 
other pair their horseshoe to move inwards, thus turning the needle 
system round the suspension fibre. This system of needles when 
rightly adjusted is practically astatic in a magnetic field of uniform 
intensity. A magnet moved in azimuth by a tangent screw, and 
vertically by sliding along the vertical supporting rod, is used to 
give a difference of intensity to the magnetic field at the upper and 
lower ends of the needles, which are placed with similar poles 
turned in dissimilar directions. 

The instrument is fitted with, a distributing plate, the construction 
of which is fully described in the paper. By means of this plate the 
coils can be joined in series or in multiple arc, or in any possible 
combination of these modes of arrangement, so as to give all possible 
variations of resistance and sensibility, or can be arranged for use 
as a di:ffierential galvanometer when required. 

The resistance of the coils when joined in series is slightly over 
30,000 ohms, and it can easily be arranged to have a sensibility such 
as to give, when placed in series with a resistance of 10^^ ohms in 
the circuit of a single Daniell's cell, a deflection of one division on a 
scale placed at a distance of a metre from the mirror. The 
instrument can easily be made still more sensitive, but when this is 
done the long period of the needle system renders it difficult to take 
readings quickly. This disadvantage may, however, be in great 
measure obviated by using a vane wholly immersed in liquid, or 
contained in a nearly closed air-vessel of proper size. 

With a considerably less degree of sensibility we have found the 
instrtiment very convenient for the measurements described below. 
These were conducted in the following manner. The flask was 
heated by the sand-bath to a temperature above 100° C, and readings 
were then taken of the current sent through the glass when the 
battery was applied by means of the key. That the current 
measured by the galvanometer might not be affected by leakagd 
through the table and other supports of the apparatus, the wire 
connected to the inside mercury coating of the flask was carried 
through air only direct to the galvanometer terminal, and tests were 
made as to whether the whole current shown by the galvanometer 
actually passed through the glass by withdrawing the connecting wire 
from the mercury inside the flask and bringing it into contact with 
the neck of the flask outside by twisting it round the glass. Such 
tests always showed that no leakage current existed, and that the 
current measured was really that passing through the substance of 
the glass from one mercury coating to the other. After a reading of 
the galvanometer in one direction had been obtained and recorded, 
with the temperature of the glass when the reading was taken, the 
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coatings of the flask were connected together until the next reading 
was about to be taken. For this reading the current was reversed 
and the deflection taken with its corresponding temperature, and so 
on throughout the series of observations in any particular case. The 
electrification was thus reversed between every pair of readings, and 
lasted in most cases three minutes. The resistances given below are, 
therefore, those after three minutes' electrification. The constant of 
the galvanometer for the battery used was determined once or twice 
in the course of each day's experiments, so that the resistance of the 
glass might be easily determined in absolute measure from the 
known thickness and surface of the flask. These were determined by 
weighing the flask, first empty in air, then with the globular part 
filled with water, then when immersed in water to a level a little 
above the former, to allow for the glass wanting on account of the 
orifice of the neck. The difference between the first and second 
weighings gave the capacity of the globe, from which its internal 
diameter on the supposition of sphericity could be calculated. The 
difference between the second and third weighings gave the volume 
of the globe from which, as before, the external diameter, and 
therefore the thickness of the glass, could be deduced. The 
resistances were then calculated for each specimen and multiplied by 
the mean surface in square centimetres and divided by the thickness 
of the flask in centimetres, so as to give the resistance between two 
opposite sides of a centimetre cube of the glass in question. 

. With regard to the results obtained at different temperatures, we 
have only to say that they confirm the conclusion formerly arrived at, 
that the conductivity of glass is doubled for every 8*5 or 9 degrees 
Centigrade rise of temperature. As, however, the object of the 
present experiments was mainly to further investigate the relation 
between resistance and chemical composition, they were not made 
through any very great range of temperatures. 

In the following table we give the resistance, density, and 
chemical composition of each of the specimens experimented on and 
analysed. We give also results for one or two specimens, the 
electrical resistance and density of which were determined, but which 
were not analysed. 

The general conclusion from a comparison of these data is, that 
the specific resistance of the glasses increases with the percentage of 
oxide of lead, and also with the density. With the exception of the 
glass marked XX, all the specimens which have been analysed follow 
the former law, and, with the exception of X and XX, also the latter 
law, as II, I, and III have practically the same density. But the two 
flasks X and XX seem anomalous in other respects. They contain for 
one thing a large quantity of lime as compared with the others, and this, 
no doubt, tends to diminish their resistance. The density of X 
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seems high, wlien the quantity of lead oxide is considered, wliile tlie 
density of XX seems low for the same reason. Also comparing X 
with XX, we see that while XX contains more lead than X, and at the 
same time less of impurity, XX has a considerably lower density and 
a much lower specific resistance. The determinations of density and 
resistance were repeated for XX, and the results found practically to 
agree with those previously obtained. It may be interesting to note 
that, while all the others were new glasses, X and XX were glasses at 
least ten years old, which had been made for Sir William Thomson's 
experiments on the preservation of electric charges for a long time 
in hermetically sealed glass vessels. 

The flask marked YII has a somewhat lower percentage of lead 
oxide than any one of the other glasses which are similar in resisting 
quality, but it will be noticed that its density is the highest of all. 
Only a determination of density and of the percentage of lead have 
been made for this glass. In the case of No. TV, the resistance was 
determined, but no analysis was made. We ought to state that 
I, II, III, lY, were all made by Messrs. Osier, Birmingham, and 
were understood to be from the same pot of glass. 

Referring to the table on page 493, and considering the relation of 
the observed resistances to the amount of soda contained in the glass, 
we see that, except II and the anomalous glass XX, the resistances 
decrease as the percentage of soda increases ; and making the same 
comparison for the percentages of potash, we find approximately the 
same kind of variation of resistance. This seems to indicate that, if 
other things were equal, the resistances would be diminished by in- 
creasing the proportion of alkali, a result which agrees with previous 
observations. We do not, however, consider the effect of alkali to be 
so important as the opposite effect of lead oxide. 

In the paper referred to above (" Proc. Roy. Soc.,'* vol. 34, p. 199) 
it is stated that a glass which seems to approach in composition to a 
definite chemical compound is also good in point of resistance. It seems 
possible that in the case of those glasses which have approximately 
the same composition but different densities, those having the higher 
densities may approach more nearly to definiteness of composition. 
At all events, it is well known that minerals, more or less resembling 
glass in composition, which crystallise, have a greater density than 
substances of similar composition which are non-crystalline. 

It will be seen that the glasses which we have experimented on 
differ very widely from those analysed by Dr. Divers. Although it 
is impossible to say in what proportion the silica is distributed 
among the bases, it may be useful to give the number of combining 
proportions of the oxides present in the various glasses, and the 
simplest formulae which can be deduced from the analyses, 
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Specimen L 
This glass contains (eliminating traces of lime and magnesia) 

80SiO2.15PbO.3K2O.2Na2O, 

or witli tlie qualification which, applies in all the cases below, that 
there is nothing to indicate the manner in which the silica is dis- 
tributed among the bases, 

3{3(Pb0.4Si03) + (K20.4Si03)} + 2{3(Pb0.4Si02) + (^20.48102) } 

Found. Calculated. 

SiO^ 57-25 56-6 

PbO 3813 38-57 

KgO 316 3-25 

NagO 1-45 1-43 



99-99 99-85 

Specimen 11. 
22Si02.5Pb0.2K20.]Sra20, 
with elimination of traces of lime and magnesia ; or 

2{5(Pb0.2Si03)+3(K20.4Si02)} + {5(Pb0.2Si02)4-3(]Sra20.4Si02)} 

Found. Calculated. 

SiOg 48-56 49-15 

PbO 41-44 41-52 

K2O 7-76 7-01 

NagO 2-25 2-31 



100-01 99-99 

Specimen III. 

61Si02.12Pb0.7K20.2Isra20 ; 
or, 

7{2(K20.3Si02) + 3(Pb0.3Si02)}+2{2(]Sra20.3Si02)+3(Pb0.3Si02)} 

Found. Calculated. 

Olv/n •••*•»*••••••••♦ oL* Oct ..••.••• OX'Oo 



PbO • 37-88 38-31 

KgO * 9-05 8-40 

Na^O 1-74 1-58 



99-99 99-92 

It is curious to note that this glass agrees very closely in composi- 
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tion with a crystal glass analysed by Bertbier, to which he assigns 
the formula — 

2(K20.3Si02) + 3(Pb0.8Si02). 

Specimen F. 

2Pb0.3K30.Na20.24SiO^ ; 
or, 

3{ (Pb0.2Si02) + 2(K30.5Si02) } + {Pb0.2Si02) + 2(]Sra20.5Si02) } 

Found. Calculated. 

SiO^ 64*21 64-55 

Pbd 20-50 20-0 

K.O 12-31 12-66 

NagO 2-97 2-77 

Sjpeoimen VL 
This flask has obviously the same composition as V. 

Specimen X. 

Eliminating the lime and trace of magnesia, wc have as expressing 
the composition of this glass — 

4Pb0.5K20.5ISra20.48Si02 ; 
or, {2(Pb0.2Si02) +5(K20.4Si02) }, 

mixed with {2(Pb0.2Si02) + 5(Na20.4Si02) } 

Found. Calculated. 

SiO.2 63-09 63-29 

Pbd 19-62 19-59 

KgO 9-77 10-34 

NagO 7-5 6-8 



99-98 100-02 

Specimen XX, 
PbO.KoONaoO.lOSiOo; 
or, {(Pb0.2Si02) + 2(K20.4Si02) } 

mixed with { (Pb0.2SiOo) +2(Na20.4Si02) } 

Found. Calculated. 

SiOg 62-5 61-28 

Pbd 2276 22-77 

KoO 8-33 9-62 

KagO 6-3 6-33 



99-89 100-00 
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It is curious to notice vatli regard to XX, wMch is anomalous in 
most respects, that it gives a chemical formula widely different from 
that found for X. 

We had hoped to be able to include the results of experiments on 
the res'istances of crystals and minerals. Several sections of diflPerent 
substances have been made, and some of these have been already 
analysed. Among them are a plate of quartz, cut parallel to the prin- 
cipal axis, and a plate cut parallel to the secondary axes of the crystals, 
and by means of these specimens we propose to endeavour to find the 
resistance and specific inductive capacity in different directions rela- 
tively to the crystallographic axes. The electrical experiments are 
not yet, however, completed, but we hope soon to overtake the work. 
As the surface of these sections is small, we propose to use the 
electrometric method by loss of charge, and to eliminate the capacity 
of the condenser formed by the substance under examination and the 
electrometer, by using a sliding cylindrical air-condenser, which will 
allow us to vary the capacity by a known amount. 

Our proposed experiments on the specific inductivities of different 
kinds of glass have been delayed principally for want of a standard 
air-condenser. We propose, however, now to use an air-condenser, 
the capacity of which can be altered by a known amount, and Sir 
William Tomson has very kindly placed at our disposal for this 
purpose his sliding air- condenser. As soon as Sir William Thomson's 
standard spherical condenser, which is at present on loan, is returned 
to the laboratory, we shall be able to verify the results to any neces- 
sary extent by comparison. 

It was at first our intention to employ the method of electric 
oscillations used by Schiller* in his experiments on the specific induc- 
tive capacity of different substances, but for various reasons we have 
decided to employ a different method. In the ordinary theory of the 
oscillatory discharge of a condenser through a coil of large self- 
induction, it is assumed that the current at any instant has the same 
strength throughout the whole length of wire in the coil. Now, 
although this is no doubt approximately true when the coil connects 
the plates of a condenser of great capacity, it cannot, on account of the 
considerable electrostatic capacity of the coil itself (a capacity which, 
taken per unit length of the wire, must vary along the wire in a manner 
which, so far as we know, has not yet been worked out) be true when 
the capacity of the discharging condenser is small in comparison with 
that of the coil.f On this theoretical ground, and also because of the 
somewhat elaborate and delicate apparatus for measuring very small 

* Schiller, " Pogg. Ann./' 1874. 

t " On the True and False Discharge of a Coiled Electric Cable," by Professors 
Tlicmson and Eleeming Jenkin, " Phil. Mag.," September, 1861 ; or " Mathematical 
and Physical Papers," by Sir William Thomson, Art, LXXXIII, 
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intervals of time whicli the method renders necessary, we decided, 
after all onr apparatus and arrangements had been planned, to adopt 
some other method, and we are indebted to Sir William Thomson for 
the suggestion of a method which promises to be at once easy and 
likely to give results nearly or altogether independent of ^* electrifica- 
tion," and we have made arrangements for using it in our continued 
experiments. One plate of an air-condenser, the capacity of which is 
known, is joined to the upper end of a fine wire which forms the 
thread of a pendulum, of which a small metal ball is the bob. 
Another exactly similar pendulum has, connected to the upper end 
of its wire, one plate of the experimental condenser, while the 
other two plates of the condensers are connected to the case of an 
electrometer used to measure the potential to which the air- condenser 
is charged. Supposing the air-condenser to be charged, and its 
potential measured by means of the electrometer, and the experi- 
mental condenser to be uncharged, the ball connected with either 
condenser is drawn aside, and let go so as to fall against the other 
ball. The balls being of an equal size and of the same material, the 
first ball will be brought to rest, and the other ball will immediately 
be set into motion, the time of contact being very short and capable of 
being approximately estimated. The second ball is caught, and pre- 
vented from returning. The charge of the air- condenser has been 
shared by the contact with the experimental condenser, and the dimi- 
nution of potential is read off by the electrometer, and from the result 
the specific inductive capacity of the material forming the experimental 
condenser can be found ; and, as the time of contact is very short, 
the result will be but very slightly, if at all, influenced by " electrifi- 
cation." We may easily arrange, in ways which we need not here 
point to, this method for use as a null method. 

We propose in a continuation of our experiments to eliminate the 
uncertainty which still exists as to the efiect of impurities in the 
glass, and to test the effect of varying the proportions of the ingre- 
dients, and of adding impurities by making up glasses from pnre 
chemicals. The results of experiments, such as those described above, 
are so complicated by the presence of small quantities of what may 
be called " foreign " ingredients, that it seems unlikely that more 
definite results than those already obtained can be expected as to the 
exact relation between composition and resistance unless such experi- 
ments as we propose be made. 

We are also extending our experiments to crystals of quartz, fel- 
spar, and other minerals, and to natural glasses, and further to glasses 
. produced by melting natural crystals which are capable of assuming 
the vitreous condition. We hope to obtain results as to the relation 
S)f electrical quality to the crystallographic axes of the crystal. 



